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Introduction
To assess the internal combustion engine combustion process validity, it is necessary to analyze the thermodynamic indicators, such as pressure, the start and end points of the combustion, the amount of heat released and the heat release rate. The most common way to obtain the above values is to measure the variable cylinder pressure of the engine and its further processing [12, 13, 16, 20] . In order to achieve this it is necessary to use pressure sensors that allow high sampling frequency measurements under high pressure and temperature conditions, and the same goes for the equipment communicating with the sensor. The costs of indicated systems limit their application to only scientific test engines and higher class vehicles. Optical systems are an alternative, available method [18, 19, 21] along with systems based on ionization current measurement in the cylinder [13, 15] . The analysis of a light wave requires using complicated apparatus, similarly as for the variable pressure indication [24] . The ionization current measurement has the widest application possibilities due to the system structure and low cost [4, 5, 8] .
The primary purpose of ionization current measurement is to detect ignition failure and occurrence of knocking combustion [11] . These systems are characterized by a faster response time. There are also attempts to use the signal for multiple engine applications, such as: the measurement of the recirculated exhaust gas content in the air/fuel mixture [2, 14] , assessment of excess air coefficient in the combusted fuel dose [22, 23] , temperature measurement in the cylinder [9] , ignition advance angle control with feedback in the form of information on the maximum combustion pressure location [10] . In recent years, research work has been performed to allow using the ionization signal for quality control and combustion control in CI engines running on a homogeneous mixture, also known as HCCI engines [1, 17] .
As a result of ignition, the flame front propagates in the mixture from the spark plug electrodes towards the cylinder walls. The strong chemical reactions caused by these events sustain the process, thus sciENcE aNd tEchNology leading to the production of ions and free electrons in the so-called chemical ionization phase. As a result of the increase of temperature and pressure in the final phase of the combustion process, the rate of ion formation significantly exceeds their recombination rate, which leads to an increase in their number. This phase is referred to as the thermal ionization phase.
Daniels [3] showed that the rate of ion formation is closely correlated with other significant thermodynamic combustion indicators, such as the ignition angle, the point of maximum flame front acceleration, the point of maximum heat release rate, the crankshaft angle of maximum pressure and the timing of the combustion process end. Eriksson [6] adds that the speed of the so-called the chemical ionization phase is closely related to the composition of the air-fuel mixture.
Ionization voltage signal
The measurement of ion number is performed using a spark plug, in the case of SI engines, or a sensor in CI engines. The idea is to create a large voltage potential difference (up to several hundred volts) between the spark plug electrodes, in the time period when the plug is not used to ignite the mixture (Fig. 1) . Fig. 1 . Diagram of the ionization signal measuring circuit [7] Due to the ability of ions and electrons to carry electric charge, a current flow appears (ionization current) proportional to the number of ions located in the vicinity of the electrodes. The measurement resistor, connected in series, has a potential difference proportional to the current of ionization according to the Ohm's law. This voltage is used directly by the measuring device and is referred to as the ionization voltage.
The characteristic ionization current signal has three distinct phases ( Fig. 2 In addition, the ion formation rate expressed as the first derivative of the ionization signal (205) contains the information regarding:
point of the maximum flame front acceleration (250) -infleca) tion point occurring after the point of maximum chemical ionization; is the point of maximum flame acceleration, which signifies the end of ion formation in the vicinity of the spark plug electrodes (as a result of the flame front action as well as of further flame propagation into the combustion chamber), the point of maximum heat release rate due to the mixture comb) bustion process (280) -the local temperature around the spark plug increases with the intensity of the combustion process; thus, the ion formation rate in the thermal ionization phase in the vicinity of the spark plug is closely related to the heat release rate around the spark plug, the end point of the combustion process (285) -the process of c) ion formation stops completely in the vicinity of the spark plug electrodes and the recombination intensity increases instead.
Due to the combustion process stochastics and the high sensitivity of the measurement method, the ionization current characteristics has a very low repeatability in relation to the cylinder pressure characteristic (Fig. 3a) , which makes the signal analysis difficult (Fig. 3b) . This is caused by the inability to ensure repetitive thermodynamic conditions and the required quality of the mixture in the space between the spark plug electrodes in each cycle of the engine's operation. This applies in particular to [6] : the temperature -it affects the amount of energy provided for a) the ionization of molecules and the rate of ion recombination, the air to fuel mass ratio -during the combustion of lean mixb) tures, the signal level decreases, which is caused by the lower combustion process temperature relative to the stoichiometric sciENcE aNd tEchNology mixture; in addition, the lower density of fuel particles reduces the speed of flame front propagation, which again lowers the ion formation rate, the fuel chemical composition -different types of fuels, dec) pending on the arrangement of the hydrocarbon chains and the types of additives included, significantly affect the process of ions formation and recombination after ignition.
Aim of research
Usefulness of the ionization signal applies mainly to engines fueled with a stoichiometric gasoline mixture. There is little information in the literature on the subject of using this signal for combustion process diagnostics during the combustion of gas mixtures.
The aim of this research was to evaluate the possible use of the ionization signal for the diagnosis of thermodynamic processes occurring during the combustion of a fuel-air mixture where methane is used as the fuel. Such diagnostics will be deemed possible if the information it provides regarding the combustion conditions are sufficient to replace the cylinder pressure and the heat release rate characteristics with a diagnostic ionization signal. For this purpose, a comparative analysis of thermodynamic indicators was made, determined on the basis of the indicated pressure characteristics and the ionization voltage signal. The study attempted to establish relations between characteristic points of both methods and their location. Obtaining a correlation between the combustion process thermodynamic indicators and the ionization voltage signal will increase the diagnostic applicability of the signal, while allowing for greater combustion process control. Obtaining a correlation between these signals will also allow to eliminate additional sensors (e.g. combustion pressure), whose processing of the signal in real time in the engine control unit is challenging.
Analysis of the results of such tests will allow to extend the scope of diagnostics of internal combustion engines fueled not only with gasoline-air mixtures, but also with gaseous fuel mixtures.
Research methodology

Test object
The tests were performed on a single-cylinder four-stroke test engine marked as AVL 5804. The originally diesel-powered unit was modified to allow natural gas combustion. In order to achieve this, the injection system was modified (high-pressure direct injection was replaced by low-pressure indirect injection), the ignition system was installed and the compression ratio was reduced. The technical parameters of the test engine used are shown in Table 1 .
Test bench
The tests were performed using specialized measuring equipment (Table 2 ) and dedicated control devices (Fig. 4) . The ignition control (from Autoelektronika) enabled adjustment of the ignition advance angle and the discharge energy (function of charging time of the coil primary winding). An electronically controlled throttle was used to control the air intake. The electromagnetic natural gas injector from Bosch, controlled using the Autoelektonika company equipment, delivered the fuel dose at the specified crankshaft angle and for a specified injection duration. The pressure of the gas supplied from the high-pressure tank was regulated using a reducer and reached a level of 0.9 MPa. In order to limit wave phenomena, an additional volume of 2 dm 3 was installed in the natural gas supply system. In order to maintain constant thermodynamic conditions, the stand was equipped with a liquid and oil conditioning system (constant temperature conditions of T ol = 80°C and T c = 80°C were maintained). A sensor integrated with the ignition coil, used in Mazda Skyactiv-G engines, was used to obtain the ionization voltage. The Kistler 6081A combustion pressure sensor was placed in the head of the test engine at a distance of 10 mm from the spark plug.
Scope of research
To determine the relationship between the combustion process thermodynamic indicators and the ionization signal, a test engine operating at a constant speed n = 1500 rpm and an excess air ratio λ = 1 was used. A constant initial value of the engine load in the form of indicated mean effective pressure IMEP = 0.43 MPa was assumed. This value was obtained with an ignition advance angle of 19 degrees before TDC. Fuel injection to the inlet channel was carried out at an [7] sciENcE aNd tEchNology angle of 170 degrees before TDC. The fuel dose was kept constant at q o = 16.9 mg/injection. The ignition angle (SOI) was a variable. These conditions have caused a change in the combustion process. The indicated mean effective pressure (IMEP), the angle of maximum combustion pressure (AP_mx) and the angle of the maximum heat release rate (AHRR_mx) were analyzed further. The scope of research is shown in Table 3 . The combustion process data acquisition was performed with an angular resolution of 0.1 deg when registering 100 motor cycles, which were then averaged. The non-repeatability of the combustion process indicators was determined as the standard deviation σ from 100 measuring cycles; the resulting values (averaged from 100 cycles) are included in Table 3 .
The engine operating conditions shown in Table 3 were used to determine the relationship between the maximum combustion pressure point, the maximum heat release rate point and the ionization signal. Control signals along with the ionization signal and thermodynamic analysis results for an example non-averaged run are shown in Fig. 5 .
Test conditions presented in Fig. 5 and Table 3 indicate that the change in the ignition timing angle settings directly affects the combustion process (with other engine operation parameters kept at constant values). As a result of the ignition delay the occurrence of the maximum combustion pressure, and then the angle of the maximum heat release rate are also delayed. Changes in these values are not proportional, which is shown in Fig. 6 for 100 averaged runs.
Due to the increase of the standard deviation value at the extreme start of ignition angle settings, the combustion pressure and ionization signal were analyzed at these operating points (Fig. 7) . Data analysis shows that ignition of the mixture results in a characteristic pressure peak. This change corresponds to the other ionization signal characteristics in the combustion chamber.
The use of natural gas as a fuel required maintaining a stable engine operating temperature, due to its high impact on the conditions of the combustion process. Such conditions result from the low ther- sciENcE aNd tEchNology mal capacity of the natural gas as a fuel. The adopted temperature of 80°C was maintained by the liquid conditioning and oil conditioning systems.
Ionization signal test results analysis
Ionization signal characteristics
The obtained ionization voltage characteristics allow isolation of individual phases, both in the ignition phase and in the mixture combustion phase (Fig. 8) . The first notable increase in the ionization voltage corresponds with the moment when the primary winding of the ignition coil starts charging. The duration of the charging phase (A) is limited by the second increase in the ionization signal that initiates the ignition phase (B). This phase results from the ignition coil finishing its charging process and the occurrence of the spontaneous induction phenomenon, which causes electric discharge of the spark plug on the electrodes. As a result of the discharge, the energy accumulated in the ignition coil is lost, resulting in the observed voltage oscillations on the secondary winding. They are reflected in the characteristic increases (C) of the ionization signal which make it difficult to measure the ionization current during the combustion process.
Analysis of the obtained ionization process characteristics in the combustion chamber indicates the existence of some discrepancies between the theoretical ionization signal and the real signal recorded. The real signal contains interference from the ignition system, which makes the analysis of the chemical ionization signal (phase D - Fig. 8 ) difficult. For this reason, further analysis of the ionization voltage signal concerns mainly its chemical part (phase E - Fig. 8 ).
This approach causes analyzes related to the ionization voltage signal to concern the combustion process, not the evaluation of the pre-flame processes. The result is that such a signal will be used to evaluate the combustion process, not to assess the timing of ignition or to estimate other quantities (such as the excess air ratio) before ignition in the vicinity of the spark plug.
Algorithm for determining the process indicators
To find the correlations (presented in chapter 3) a program was created (using the AVL Concerto software) to determine the characteristic points of the ionization signal (chapter 2). Using this calculation algorithm (Fig. 9) , in the first stage, the ionization signal and pressure signal were filtered with a low-pass filter. Next, the first derivative (dT_Ion) was determined containing information about the angular position of the maximum heat release rate. The maximum heat release rate value obtained using the pressure characteristic (AHRR_ mx) made it possible to limit the ionization signal analysis to within 3-degrees on the crankshaft. In this respect, the algorithm determined the maximum ionization signal value and its derivative (Fig. 10) . The selected range of ±1.5 degrees on the crankshaft in relation to the maximum heat release rate value location determined by using the pressure values, proved highly efficient in determining the characteristic points of the ionization signal (T_Ion_ mx) and its derivative (dT_Ion_mx).
The relation between the ionization signal and the thermodynamic indicators of the combustion process
To determine the relationship between the ionization voltage signal and the thermodynamic indicators of the combustion process (obtained from the cylinder pressure signal) and the heat release rate, the focus was placed on their characteristic values: AHRR mx d
where: P -cylinder pressure, V -volume above the piston, κ -politropic compression and expansion factor (κ = 1.32),the indexes α and α+1 indicate the current and next crankshaft angle value. angular position at the maximum ionization voltage value in c) the thermal phase -T_Ion_mx [deg]; this value was obtained using the ionization sensor ( Fig. 1 ) and the designed algorithm (chapter 5.2), the angular position at the maximum derivative value of the d) thermal phase ionization signal -dT_Ion_mx [deg]; this size was obtained using the designed algorithm.
The analysis of the relationships between the values of AP_mx and T_Ion_mx as well as AHRR_mx and dT_Ion_mx reveals that it is possible to make a comparison between them and thus search for correlation. The analysis of the relationship between the maximum pressure crankshaft angle and the maximum value of the thermal ionization signal angle indicates a large correlation of these values with all the research points (Fig. 11) .
These correlations are presented in relation to the linear function, quadratic and third order functions (logarithmic and exponential functions were not used due to the presence of negative values of both variables). Their determination coefficients have a similar value of 0.97. The differences between them are within 3%. This means that it is possible to adopt a linear function to determine the maximum cylinder pressure angle value based on the ionization signal. This function is also more useful in the implementation of such a solution, because it allows to increase the speed at which the AP_mx value can be de- sciENcE aNd tEchNology termined in the engine controller in real time (shorter calculation time using a specific algorithm). However, for extreme ignition timing values (SOI = 19 deg before TDC and 6 deg before TDC), large discrepancies in cylinder pressure were observed. This results in a significant variation in the angle value at the maximum cylinder pressure (Fig. 12) . The measure of this dispersion (indicator) are the values of standard deviation σ(AP_mx) of 0.601 deg and 0.596 deg respectively. They are the largest values of standard deviation when compared to other research points ( Table 3) . As a result, the correlation between the AP_mx and T_Ion_mx signals diminishes for the extreme values of SOI.
Taking into account the above analyzes forced a limitation of the data range used to determine the relationship between AP_mx and T_Ion_mx signals, the criterion for selecting test points was that the value of standard deviation had to be below 0.5 deg. This limitation therefore requires not taking into account the extreme values of the start of ignition angle. The results of such analyzes are presented in Fig. 13 .
The analysis of the results from Fig. 13 indicates the achievement of determination coefficients at the level of 0.96 (within the margin of error of 1%). It follows that it is possible to take into account a limited number of measurement data and adopt the linear relation of the function AP_mx = f(T_Ion_mx) for them. The determination coefficient of 0.9611 and the standard deviation σ(AP_mx) below 0.5 deg guarantee that the condition of linearity of these variables is met.
The analysis of the function AP_mx = f(T_Ion_mx) indicates the possibility of correlation between these variables considering only the standard deviation of the maximum cylinder pressure angle below 0.5 deg. This means that in order to obtain a specific correlation of these variables it is necessary to determine the above standard deviation and to adopt the criterion of its upper value limit.
The analysis of the relation between the angle at the maximum heat release rate (AHRR_mx) and the angular position of the maximum value of the thermal phase derivative (dT_Ion_mx) indicates a highly linear relationship (Fig. 14) for all the test points. In this case, the linear, quadratic and tertiary functions were also determined. For all of these considerations, the obtained determination coefficients are similar and the discrepancies are below 0.1%.
The obtained values of standard deviation σ(AHRR_mx) below 0.6 deg enable using all of the research points to determine the relationship between the values of AHRR_mx and dT_Ion_mx.
The determination coefficients for the function AHRR_mx = f(dT_Ion_mx) show a high correlation of thermodynamic signals with ionization voltage signals, for all test points. The higher value of the maximum heat release rate angle is linearly dependent on the angle at the maximum thermal ionization phase derivative value. Due to the lack of significant differences in the determination coefficients, using a linear relationship was proposed, since it can allow for faster determination of the thermodynamic indicators (angle at the maximum heat release rate) in real time.
Analysis of the standard deviation of both these relations indicates that the correlations obtained using a standard deviation below 0.6 deg are valid. Accepting the deviation AP_mx with a value of 0.596 deg (SOI = 6 deg before TDC) indicates the existence of a limited correlation. Adopting the deviation AHRR_mx with a value of 0.578 deg still allows to obtain a good correlation. Such small differences in standard deviations mean that further tests may be necessary to precisely specify the numerical criterion and limit values for determining the correlation of these variables.
The analyzes presented above indicate the possibility of replacing the selected thermodynamic engine performance indicators with ionization voltage signals, which are possible to achieve with much simpler methods than their thermodynamic counterparts.
Conclusions
The analysis of the test results indicates the possibility of using the ionization voltage signal to diagnose the combustion process of the spark-ignition engine powered by natural gas with the excess air ratio of λ = 1.
The performed tests and analyses have shown that: There is a strong relationship between the angle at the maxi-1.
mum thermal ionization signal value and the angle at maximum combustion pressure -the determination coefficient is R 2 = 0.9611. However, this relationship makes it possible to reproduce the angle of maximum combustion pressure based on the ionization voltage signal using a linear (proportional) relationship between signals only in a limited range of the ignition advance angle (8-15 degrees before TDC). There is a strong relationship between the angle at the maxi-2.
mum thermal phase derivative value and the angle at the maximum heat release rate -the determination coefficient is R 2 = 0.9896, when using all the research points. This dependence makes it possible to determine the crankshaft angle at the maximum heat release rate based on the ionization signal value by adopting a linear (proportional) relationship between the two signals. It is necessary to precisely determine the criteria for the opera-3.
tion of the internal combustion engine in order to obtain a high correlation of these signals. The standard deviation value limit used in the previous analyzes may be one of such criteria.
The obtained research results indicate that there is some merit to using the ionization signal in modern diagnostic systems for gasolinepowered internal combustion engines and their control systems. The ionization signal obtained in each combustion engine cycle -strongly correlated with the cylinder pressure and the heat release rate characteristics -allows a precise control of the indicated parameters, contributing to a quick detection of incorrect cycles and improvement of the combustion engine performance indicators.
Further research on this subject will focus on the possibility of extending the applications of the ionization signal to include all other test points and eliminating the information noise associated with the electric discharge on the spark plug, which will also enable the diagnosis of the pre-flame phase of the combustion process (chemical ionization phase). The solution to this problem will allow to expand the applications of the ionization signal by measuring the quality of the air-fuel mixture, as well as to measure the temperature in the cylinder. These research results can significantly contribute to improving the combustion process control in order to improve the performance indicators of spark-ignition engines fueled with natural gas and, in result, to reduce the emission of toxic compounds.
